cGMP concentrations (lldefonse et al., 1992; Karpen et al., 1993) . These results indicate a shift in the cGM P doseresponse relation of the channel to lower concentrations of cGMP. This potentiation was mediated by several transition metal divalent cations, including NF +, Zn 2+, Cd 2÷, Co 2*, and Mn 2+. These ions also have been shown to block the channel in a voltage-dependent manner but at concentrations tens to hundreds of tim es hig her (Karpen et al., 1993) .
Introduction
Ion channels are fundamental molecular elements in the conversion of sensory stimuli into electrical signals. During vertebrate phototransduction, the closing of a nonselective cation channel signals the drop in cyclic GMP (cGMP) concentration that results from the absorption of light by rhodopsin (Yau and Baylor, 1989) . Conversely, for olfactory transduction, the binding of an odorant to a receptor causes an increase in cyclic AMP (cAMP) and the opening of a cation channel (Lancet, 1986) . The opening of each of these ion channels is mediated by the direct binding of cyclic nucleotides (Fesenko et al., 1985; Nakamura and Gold, 1987) . The genes for the major subunits of each of these channels have been cloned and expressed exogenously (Kaupp et al., 1989; Dhallan et al., 1990) . These different cyclic nucleotide-gated channel proteins exhibit considerable sequence similarity and belong to the same gene family as voltage-gated K ÷, Na ÷, and Ca 2+ channels (Jan and Jan, 1990) .
The gating properties of the native cGMP-activated channel from rod photoreceptors can be modulated in a variety of ways, including phosphorylation-dephosphorylation (Gordon et al., 1992) and direct binding of calcium/ calmodulin (Hsu and Molday, 1993; Gordon and Zimmerman, 1994) . In addition, low concentrations of transition metal divalent cations, when applied from the cytoplasmic side, cause an increase in the current at subsaturating concentrations of cGMP with little effect at saturating
Results and Discussion
To examine the molecular mechanism of this potentiation, we have studied the effects of NF + on cGMP-activated channels. The channels were expressed in Xenopus oocytes by injection of cRNA for the ~ subunit of the bovine rod channel and studied using the inside-out configuration of the patch-clamp technique. Figu re 1 shows the effects of 10 I~M NF +, applied to the cytoplasmic side of the excised patches, on the responses of the channel to saturating and subsaturating cGMP and cAMP. Shown are the responses to voltage steps ranging from -40 mV to +40 mV in which the leak currents in the absence of cyclic nucleotides have been subtracted. The small droop apparent in some of the current records reflects a small amount of ion accumulation and depletion, as indicated by the tail currents present following a step back to 0 mV, the reversal potential in these symmetrical solutions . At saturating concentrations of cGMP, NF ÷ caused a small increase in the current at all voltages (INJI = 1.3 _+ 0.12; mean _ SD; n = 9). However, at subsaturating concentrations of cGMP (4-16 ~M), there was a very large increase in current (IN=/I = 141 --54; n = 9), indicating a large increase in the apparent affinity of the channel for cGMP. This potentiation by NF ÷ was reversible (data not shown). Figure 2A shows the doseresponse relation for cGMP with and without NF +. The data were fit with a Hill equation and demonstrate that NF + caused a dramatic increase in the apparent affinity for cGMP. The apparent dissociation constant, K,j2, decreased nearly 10-fold, from 137 _ 40 p,M (n = 16) to 15 _ 8.3 p,M (n = 7). There was, however, little effect on the Hill coefficient, n (2.0 _+ 0.47; n = 15 without NF+; and 1.7 _+ 0.43; n --8 with NF÷). With cAMP, the effect of NF ÷ was even more dramatic, cAMP was normally a very poor agonist, activating 0.84% _+ 0.61% (n = 7) of the current activated by cGMP at saturating concentrations. In this respect, cAMP appeared to be a typical partial agonist that was not as effective as cGMP at promoting the allosteric conformational change upon binding. However, the application of saturating cAMP with 10 p.M NF ÷ dramatically increased the current relative to saturating cAMP alone (INJI = 45 _ 34; n = 6), making cAMP nearly a full agonist. A similar effect of NF + was also observed in native rod channels incorporated into planar lipid bilayers (lldefonse et al., 1992) . This effect on the current at saturating cAMP indicates that the modulation could not simply have altered the stability of the binding of cyclic nucleotide to the closed channel. Along with increasing the effectiveness of cAMP at saturating concentrations, NF + also increased the apparent affinity for cAMP, as shown in Figure 2A . These potentiating effects of Ni 2+ on the exogenously expressed rod channel persisted and were only slowly removed after switching to a solution containing cyclic nucleotide and EDTA (see Figure 7 ). This suggests that NF + acted by binding to the channel protein and not to the cyclic nucleotide (Karpen et al., 1993) . The rod cGM P-activated channel is a member of a gene family that includes channels expressed in other tissues, such as cone photoreceptors, olfactory epithelium, heart/ aorta, sperm, and kidney (Kaupp et al., 1989; Dhallan et al., 1990; Bonigk et al., 1993; Biel et al., 1994; Weyand et al., 1994) . To see whether NF ÷ exerted a similar effect on another member of this gene family, we examined the effects of NF + on the rat olfactory channel expressed in Xenopus oocytes. Figure 2B shows the steady-state doseresponse relations of the olfactory channel for cGMP and cAMP in the presence and absence of NF ÷. Instead of potentiating the current response to cGMP, NF ÷ produced a small reduction in the response. The reduction was more pronounced at lower cGMP concentrations, causing a shift in the apparent K,/, for cGMP from 2.3 _ 0.8 ~M (n = 13) to 6.0 _+ 1.5 I~M (n --7). NF ÷ also caused a reduction in the response to cAMP that, in the absence of NF +, activated the olfactory channel to the same level as cGMP did. This blocking or inhibitory effect of NF + appeared to be distinct from both the potentiation of the rod channel The dose-response curves were constructed from the currents at +40 mV (measured between 70 and 80 ms for small currents and between 0.5 and 2 ms for large currents to minimize ion depletion effects; Karpen et al., 1988) . The closed symbols were currents in the presence of cAMP, and the open symbols were currents in the presence of cGMP. The circles were in the absence of NF +, and the bows were in the presence of 10 p.M Ni 2+. The smooth curves are fits to the data with a Hill equation of the form
in which the following parameters were used: for cGMP, n = 1.9, K,~ = 141 pM, and Ira=, = 15.8 nA; for cGMP + NF +, n = 1.9, K,~ = 11.9 pM, and Im~ = 18.9 nA; for cAMP, n = 1.6, K,~ = 1.5 mM, and Im~ = 85 pA; for cAMP+NF ÷, n = 1.6, Kv, = 1 raM, and Im~ = 5.72 nA. (B) Dose-response curves for activation of the olfactory channel by cGMP and cAMP. The symbols in this figure have the same meaning as in (A). Smooth curves are fits to the data with the Hill equation, with the following parameters: for cGMP, n = 2.5, K,/, = 2.4 p.M, and Im~ = 13.9 nA; for cGMP + NF +, n = 2.5, K,/2 = 4.9 p_M, and I=~= = 10.6 nA; for cAMP, n = 2.3, K,/~ = 72 p.M, and I,,~ = 13.0 nA; for cAMP + NF ÷, n = 2.3, K = 115 I~M, and I=~ = 6.86 nA.
described above and the voltage-dependent block of the rod channel at higher concentrations of NP + (data not shown). Clearly, NF + exerted a very different effect on the olfactory channel and the potentiation seen in the rod channel was completely absent.
To localize the region of the amino acid sequence of the channel responsible for these functional differences, we have constructed chimeric channels that contain sequences from both the rod and olfactory channels. A major portion of the cyclic nucleotide-binding site in these chan- nels has been identified based on homology to other cyclic nucleotide-binding proteins (Kaupp et al., 1989) . This region includes at least 100 amino acids in the carboxy terminus of the channel, Since Ni 2÷ produced a large effect on the apparent K,/2 for cGMP binding, we began by examining chimeras involving the cyclic nucleotide-binding site. Figure 3A shows the dose-response relations for a chimeric channel in which the cyclic nucleotide-binding domain and flanking region of the olfactory channel were replaced by the corresponding region in the rod channel (CHM18 in Figure 4 ). The effects of NF + on the cGMP-induced current were very similar to that of the wild-type olfactory channel; no potentiation was present. Furthermore, when the cyclic nucleotide-binding site of the rod channel was replaced by that of the olfactory channel (CHM1 in Figure 4 ), NF ÷ produced a large potentiation (see Figure 3B ) similar to that observed in the rod channel. These results indicate that the amino acids responsible for the selective potentiation of the rod channel are not located in the cyclic nucleotide-binding domain.
To localize further the amino acids responsible for the rod-specific potentiation, we have constructed a number of additional chimeric channels. Figure 4 summarizes the results of these chimeras by plotting the ratio of the current with Ni 2+ to the current without NF + at low channel open probability. The apparent affinities of the different chimeras for cGMP generally were intermediate between those of the rod and olfactory channels. For the wild-type rod channel, shown at the top, the large ratio reflects the appreciable potentiation produced by NF +. A ratio of less than one reflects the block produced by NF +, as seen in the olfactory channel at the bottom of the plot. In all of these chimeric channels, the effects of NF + were completely determined by a small region of sequence that included the pore region (between $5 and $6), the $6 transmembrane segment, and a short segment following $6. The potentiation by NF + was further localized to a single (A) cGMP and cAMP dose-response curves for activation of the rod channel in which H420 has been mutated to a glutamine (CHM25 of Figure 4 ). Symbols have the same meaning as in Figure 2 . The smooth curves are fits to the data with the Hill equation in which the following parameters were used: for cGMP with and without NF +, n = 1.7, K,~ = 39 p.M, and Imp= = 18.7 hA; for cAMP with and without Ni =+, n = 1.5, K,/= = 3.0 mM, and Irn~ = 1.01 nA.
(B) cGMP dose-response curves for activation of the olfactory channel in which the QF.,99 has been mutated to a histidine (CHM34 of Figure  4 ). Symbols have the same meaning as in Figure 2 . The smooth curves are fits to the data with the Hill equation in which the following parameters were used: for cGMP, n = 2, K,~ = 2.1 t~M, and Im~x = 328 pA; for cGMP + NF +, n = 2, Kv= = 0.51 t~M, and Im~x = 287 pA.
amino acid in a putative intracellular region following $6, where the rod channel contains a histidine (H420), whereas the olfactory channel contains a glutamine (Q399). As shown in Figure 5A , the mutation of this histidine residue in the rod channel to a glutamine (CHM25) completely abolished the potentiation by Ni 2+ in both cGMP-and cAM P-induced currents. However, CHM25 did not exhibit an olfactory channel-like block by 10 pM NF +, suggesting that the block is produced by another amino acid difference in this region. Furthermore, the potentiation occurred in the olfactory channel when Q399 was mutated to a histidine (CHM34; Figure 5B ). The potentiation in CHM34 was somewhat smaller than in the rod channel, probably owing to the continued presence of the block in CHM34. Histidine has been found to be involved in the coordination of transition metal divalent cations in a number of other proteins, such as zinc finger-containing proteins, carboxypeptidase A, carbonic anhydrase, and insulin (Ibers and Holm, 1980) . The requirement for histidine in a putative intracellular region to produce potentiation by intracellular Ni 2÷, together with the prevalence of histidine residues in binding domains for other transition metal divalents, strongly suggests that H420 is part of the NF +-binding site responsible for potentiation. Since the binding of NF + to a single imidazole of histidine is rather weak (Kd --1 mM; Sill~n and Martell, 1971), it seems likely that the NF + is coordinated by other residues as well, either from the same subunit or from other subunits. This suggests the possibility that a single NF + is simultaneously coordinated by H420 from each of the subunits. The potentiation by NF + cannot be accounted for by an effect on the single-channel conductance. In fact, as shown in Figure 7 ,10 I~M NF + appeared to produce approximately a 10% block of the current at 20 mV. The much smaller effect of NF + on the current at saturating concentrations of cGMP relative to low concentrations of cGMP indicates that NF ÷ must be altering the gating of these channels. The shift in the apparent K,/, for cGMP with NF + could be caused by an effect on the initial cGMP binding or by an effect on the allosteric conformational change(s) following binding. However, the observed increase in the fraction of channels opened by saturating cAMP strongly suggests that there is a large effect on the stability of the open state relative to the fully bound state.
The gating of the cyclic nucleotide-activated channels is approximated by the simple kinetic scheme shown below.
This scheme is a modification of one proposed for the native cGMP-activated channel in rod photoreceptors to account for the steady-state dose-response relation for cGMP and the kinetics of channel opening in response to voltage jumps . In scheme 1, the opening of the channel is assumed to involve the independent binding of two cyclic nucleotides followed by a concerted conformational change that opens the pore. The binding of each ligand is assumed to be independent, and the opening of the channel from a singly liganded state is considered to be negligible. Even though the initial cyclic nucleotide-binding steps are assumed to be independent, the scheme predicts an apparent binding cooperativity, as actually observed due to the mass action effect of the concerted conformational change.
The presence in scheme 1 of onlytwo cyclic nucleotidebinding steps reflects the fact that our dose-response curves for channel activation were best fit by the Hill equation using a slope of 2. The channel, however, is generally believed to have four or five subunits, each of which contains a single cyclic nucleotide-binding site. A Hill slope less than 4 or 5 could come about in an allosteric model if the channel could open before all the subunits have bound ligand. A model that incorporates opening of partially liganded channels has been previously proposed for cyclic nucleotide-gated channels (Stryer, 1987; Ildefonse and Bennett, 1991) and is adapted from the classic model for allosteric conformational changes in proteins proposed by Monod, Wyman, and Changeux (Monod et al., 1965) . Although scheme 1 clearly does not account for all channel behavior (e.g., substates), it was chosen because it con- tains fewer free parameters than the more elaborate allosteric models and was sufficient to describe our data. Figure 6A shows the fits of scheme 1 to the steady-state dose-response relations of the rod channel for activation by cGMP and cAMP in the presence and absence of NP. The effects of Ni 2+ on the dose-response relation can be completely accounted for by varying only the equilibrium constant of the concerted conformational change (L). No effect of NF ÷ on K, the binding constant of cyclic nucleotides to closed channels, was apparent, since the amount by which L must be changed to increase the current at saturating cyclic nucleotide concentrations was also sufficient to account for the change in the apparent affinity. Note that for cGMP, increasing L altered primarily the apparent affinity for cGMP, with little effect on the maximal current. In contrast, for cAM P, increasing L caused a large increase in the cAMP response as well as an increase in the affinity for cAMP. The maximal current, with an open probability of 1, was the same for each of these fits. The increase in L necessary to account for the Ni 2+ potentiation of the cGMP-induced currents (LNj/L = 125) was very similar to the increase necessary to account for Ni 2+ potentiation of the cAMP-induced currents (LNJL = 169). Thus, irrespective of which cyclic nucleotide was bound, Ni 2+ caused an apparent increase in the stability of the open state relative to the fully liganded closed state of approximately 3 kcal/mol, an energy approximately equivalent to a single hydrogen bond. The dissociation constant (K~ = l/K) for binding of cGMP and cAMP was taken to be independent of Ni 2÷. For cGMP, the I~ was 286 I~M, and for cAMP, the Kd was 861 p,M, suggesting only a small difference between cGMP and cAMP in the initial binding energy (0.6 kcal/mol). Most of the difference between the apparent affinity for cGMP and cAMP resulted from a difference in their ability to promote the allosteric conformational change. The difference in L between cGMP and cAMP would reflect a difference in the relative energy of the open state and the last closed state of about 4 kcal/mol. A simple physical interpretation of the effects of NF + on the equilibrium constant for the allosteric conformational change is that Ni 2+ binding depends on the state of the channel. If Ni 2+ binding is more stable when the channel is open, then the open state of the channel is more stable when NF ÷ is bound. In this case, the equation that describes the steady-state dose-response relation for cyclic nucleotide is identical to that for scheme 1, in which the equilibrium constant L varies with Ni 2+. State dependence in the binding of Ni 2÷ could occur in at least two ways. The NF+-binding site could directly interfere with the closing of the activation gate, stabilizing the open state of the channel. This mechanism would suggest that the gate was located near H420 on the cytoplasmic face of the channel. Alternatively, H420 could be remote from the gate but simply more exposed in the open configuration of the channel. The activation gate might be located anywhere in the channel protein, and the configuration of H420 could be allosterically coupled to the opening of the gate.
A model in which H420 is part of the gate is shown in Figure 6B . H420 is located near a region that has been suggested to be in the intracellular mouth of the pore in voltage-dependent K ÷ channels (Choi et al., 1993; Lopez et al., 1994) . Given the proximity of H420 to the pore region, it is possible that the bound Ni 2+ directly interferes with the closing of the gate. In this physical model, interaction of the Ni 2+ with the gate causes it to bind with a much higher affinity to the open state of the channel than to the closed states.
The model in Figure 6B suggests that the binding of NF + to the channel will be weaker to closed states than to the open state of the channel. Figure 7 shows the results of an experiment designed to test this prediction. The time courses of the onset and removal of potentiation were determined at both 512 p,M cGMP (circles) and 8 ~M cGMP (squares) by measuring the current in response to 80 ms voltage pulses to +20 mV after application and removal of 10 ~M NF +. At 10 s, the solution was rapidly switched to one containing NF + and the appropriate concentration of cGMP. The rate of onset of the potentiation did not depend appreciably on the cGMP concentration. At 200 s, the solution was switched back to one containing cGMP without NF ÷. The instantaneous jump in the currents reflects the rapid removal of a small amount of block by NF ÷, about 10% of the maximal cu rrent. After the instantaneous jump, the current declined, reflecting the removal of potentiation. The rate of removal of potentiation was markedly slower in the presence of high concentrations of cGMP than in the presence of low concentrations of cGMP. Often, the effects of NF + could not be completely reversed, particularly at high cGMP concentrations. This suggests that the rate at which NF + unbinds is considerably slower at high cGMP concentrations. Since the channel spends a much greater percentage of its time in the open state at high cGMP concentrations, this experiment provides direct evidence that Ni 2+ binds more tightly to the open state as predicted by the physical model in Figure 6B .
In addition to providing new insight into the activation mechanism of cyclic nucleotide-gated channels, potentiation by Ni 2÷ may also have physiological significance. A similar potentiation has also been observed with Zn 2÷ (Karpen et ai., 1993) , and rod outer segments have been reported to contain a total Zn 2+ concentration of about 300 IIM (McCormick, 1985) . The role, if any, of cation-induced alterations in channel gating on the ability of the rod to respond to light remains to be investigated.
Experimental Procedures

Expression of Channels in Xenopus Oocytes
The cDNA clone for the bovine rod channel was isolated using the polymerase chain reaction (PCR) on DNA isolated from a bovine retinal library using oligonucleotide primers made from the published sequence (Kaupp et al., 1989) . The amino acid sequence is identical to the published sequence except for an alanine-to-valine substitution at position 483. This amino acid substitution caused a small decrease in the apparent affinity of the rod channel for cGMP (data not shown). The cDNA clone for the rat olfactory channel was kindly provided by the laboratory of R. R. Reed (Johns Hopkins School of Medicine, Baltimore, MD). These cDNAs were subcloned into a high expression vector, kindly provided by E. R. Liman, that contains the untranslated sequences of the Xenopus 13-globin gene (Liman et al., 1992) . RNA was transcribed from the cDNAs and injected into Xenopus oecytes as previously described (Zagotta et al., 1989) .
Generation of Mutant cDNAs
The chimeric channels were generated by first introducing a series of silent restriction sites in both the rod and olfactory cDNA. The chimeric cDNAs were then constructed by replacing corresponding regions of one cDNA with that of the other. The splice sites of the chimeras were located at the following positions: amino terminus, T162 (rod), W141 (olfactory); $1, A183 (rod), A162 (olfactory); $4-$5 linker, R285 (rod), R264 (olfactory); P-region, L343 (rod), L322 (olfactory); carboxyl terminus, F421 (rod), F40O (olfactory). CHM25 and CHM34 are point mutations H420Q in the rod channel and Q399H in the olfactory channel, respectively. The silent site mutations and point mutations were generated by a method involving PCR. In brief, oligonucleotides were synthesized containing the mutation, and these oligonucleotides were used in combination with other oligonucleotides in PCR amplifications of fragments of the cDNA. The product of the PCR reactions were cut with two different restriction enzymes to generate a cassette containing the mutation. This cassette was then ligated into the cDNA cut with the same two restriction enzymes. For all of the mutations, single isolates were selected, and the entire region of the amplified cassette was sequenced to check for the mutation and insure against secondsite mutations.
Electrophysiology
Patch-clamp experiments were performed in the inside-out configuration using an Axopatch 200A patch-clamp amplifier (Axon Instruments, Foster City, CA), and the data were acquired and analyzed using a Macintosh computer and Pulse data acquisition software (Instrutech, Elmont, NY). Macroscopic currents were recorded using pipettes with initial resistances ~<1 M~, and no series resistance compensation was made. Solutions were changed using an RSC100 rapid solution changer (Molecular Kinetics, Pullman, WA). The extracellular solution contained 130 mM NaCI, 3 mM HEPES, 0.2 mM EDTA, and 500 p_M niflumic acid (pH 7.2). Niflumic acid was added to reduce the Ca 2÷-activated CI current endogenous to the oocytes and did not alter the cyclic nucleotide-induced currents or their responses to NF ÷ (data not shown). The intracellular solution contained 130 mM NaCI, 3 mM HEPES (pH 7.2) and cyclic nucleotide with either 0.2 mM EDTA or 10 p.M NF ÷ as indicated. Currents were low pass filtered at 2 kHz (8 pole Bessel) and sampled at 10 kHz. Recordings were made at 20°C -22oc.
